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Final Report for: Topological Optimization of Artificial Microstructure Strategies
(Yale and Johns Hopkins)

During DARPA MCMA we aimed to develop and demonstrate a 3D microstructural architecture structure made from bulk
metallic glass, 3DMGS, exhibiting a combination of ceramic-like high strength (>1000 MPa), metal-like high plasticity (>20%),
and polymer like density (<2 g/cm3). A benchmark material such as a structural steel exhibit plasticity of ~20%, yield strength of
700 MPa and density of 7.9 g/cm3.

The activities can be broken down into topological optimization, fabrication, and characterization.

Fabrication of BMG 3D structures

The fabrication of BMG 3D structures requires the development of sheet fabrication methods, joining methods, and enhance
existing technology on deforming BMGs.

BMG Sheet Fabrication:

Sheets of BMGs, despite their demand from industry and academia have not been available at the beginning of this project. We
have been working on sheet fabrication for the last 4 years and within this program have advanced the research such that large
sheets can be rolled.

The sheet fabrication is based on thermoplastic forming. The challenge is the realization of precise temperature control. Based
on previous designs that we came up with in our lab we designed a large mill capable of high temperature rolling for sheet
fabrication of Zr-based BMG sheets (Fig.1).

Figure 2 shows the actual realization of the equipment.

Fig. 2: High temperature rolling mill with precise temperature control, < 5 degrees. One key aspect is the pre-heating of the
sheets to a temperature close but slightly lower than the rollers temperature.

In order to control temperature precisely we incorporated an active feedback mechanism. Per roller there are four
thermocouples measuring temperature during the rolling process and acting as the feedback to power the heaters (Fig.3). After
developing, designing, and building and first tests we researched best processing conditions for the fabrication of sheets.
Specifically, we varied the pre-heat and roller temperature by 50 degrees independent from each other. We also explored the
effect of area of reduction and number of passes. We took for most conditions small samples of the feedstock/sheet to
characterize the state of the BMG. Here we used thermal analysis and carried out isothermal experiments which are more
sensitive than constant heating experiments.

Fig. 3: Active feedback is used for temperature control and also for deformation forces (clamping forces)

Current state of the art are sheets that are ~15 cm by ~15 cm by ~ 500 microns (Fig. 4).

Figure 4: Sheets of about 15 cm in diameter and 0.5 mm in thickness can be readily formed with described rolling mill and
optimized processing conditions from Zr-BMG.

Joining of BMG sheets:

Joining methods like welding or diffusion bonding, typically used for crystalline metals are not applicable for BMGs. We
developed a completely new concept of joining BMGs which is based on oxide cracking through surface straining.
The joining strategies are summarized in Fig.5. We considered three different strategies, shearing, squeezing, and oxide

pulling.



For all BMG joining processes we have considered two BMGs are sheared at a temperature of the supercooled liquid region
against each other. Deformation breaks the oxide layer and creates a fresh surface. The idea is that the fresh surface area
forms a chemical bond with the same bond strength than the BMGs strength. The overall strength of the joint is given by the
area of fresh surface normalized by the overall area of the joint. So in theory one can achieve bond strength from ~1800 MPa
(all fresh surface) to 0 MPa if the oxide layer is not broken.

Most advanced is our joining by squeezing technique (Fig.6). Here we join two BMG parts by heating into the supercooled liquid
region, and we can do this in air, and simultaneously force them against each other. The BMG deforms and so does the
interface. The increase surface area is the joined surface and the ratio of new to old surface area defines by the rule of mixing
the strength of the interface. We characterize the bond shear-strength according to the method describe in Figure 7.

We characterized the interfaces through shear stress determination (Fig. 8). In addition we employed SEM. The SEM images
confirmed our hypothesis and suggested other techniques than our original shearing technique.

Once the oxide layer is removed a chemical bond forms of the same strength than the BMG strength. This is furthermore
confirmed in Figure 9 where the interface fractures in a complete ductile manner, showing a typical vein pattern. Only the areas
where the oxide layer has not been removed do not bond.



3DMGMA fabrication:

The development of a BMG sheet fabrication method and the joining of the sheets has been a requirement for the fabrication of
3DMGMA structures.

The sheets are deformed through a thermoplastic-based deformation method into corrugated structures (Fig. 10b). In a
subsequent processing step such structures are joined together through the above-described joining (Fig.10c). This process is
fast, scaleable, and can be carried out in air. After removing of the space holders, the 3DMGMA structure is finalized. Our
current setup is not build to fabricate significantly larger samples than shown, but in principle our method allows to fabricate
much larger scale structures (Fig.11).

Fig. 10 BMG 3D structures fabrication processes: (a) Starting BMG sheets (®). (b) Patterned BMG sheets by using
thermoplastic molding (®). (c) Joining patterned BMG sheets by heating. (d) 3D structures after demoulding (®).

Fig. 11 Examples of the numerous 3DMGMA that we fabricated.
Modeling and Topological Optimization of 3D microstructures

The theoretical aspect of this project focused on quality models capable of capturing the response of the 3D bonded
microstructures, including collapse mechanisms and system sensitivity to bonding locations and properties.

Figure 12 displays an example model of the NavTruss architecture, with layers oriented in a staggered pattern and bonded
(‘welds’) at the interface. Figure 13 shows the resulting stress-strain response under compression for bond strength varying



from 100% of the BMG sheet material to 25%. The plot shows that the overall material system response is relatively consistent
for bond strengths of 50%, 75%, and 100%, although for the case of 50% bond strength yielding is initiated in the welds, leading
to slightly lower peak strength. The case of 25% bond strength, however, exhibited significantly lower peak strength and
effective stiffness, as the welds yielded entirely before reaching loads at which the plate walls would buckle. This suggests that
bond strengths achieving at least 50% of the base BMG sheet material are sufficient to prevent premature failure of the welds.

Figure 12. 3D representation of alternating NavTruss architecture highlighting the bonding material phase whose properties
can be varied to explore system sensitivity.

Figure 13. Stress-strain response and corresponding failure mechanisms for the alternating NavTruss architecture assuming:
(left) perfect bonding and (right) bond strength is 50% of the base BMG sheet material. Note that the mechanisms change
slightly but the overall effect on strength is minor for bond strengths greater than 25% of the base material.

Figure 14 displays the effect on the stress-strain response of varying the angle of corrugation, within the range at which the
fabrication team was initially investigating. Although the range is relatively small at ten degrees, it is interesting to note that the
initial failure mechanism and location moves from buckling of the plates in the 90 degree corrugation case to yielding in the
welds in the 80 degree case. As the plot shows, this translates into the 90 degree case losing stiffness at a smaller strain due
to buckling, but exhibiting a higher strength post-buckling as the material remains elastic at larger strains than the 80 degree
case.

Figure 14. Stress-strain response for the alternating NavTruss architecture with varying angles of corrugation.

Figure 15 illustrates the stress-strain response under varying sheet thicknesses. Increasing sheet thickness delays the onset of
buckling and thus correlates to material peak strength and stiffness, but also failure under smaller strains. We are currently
attempting to develop analytical expressions that account for the layer bonding to enable efficient design of these structures.

Figure 15: Numerically obtained stress-strain curves for 3D hexagonal folded sheets with relative densities of 11.4%, 10%, 8%
and 6% (2D cross-sections shown).

In addition to strength modeling of the 3D corrugated systems, we have also been enhancing our models to capture post-peak
performance, including layer collapse, contact, and densification. This provides a more realistic prediction of energy absorption
that we intend to include in the optimization routines. Due to the high computational expense, we first develop these models
using our 2D topologies optimized for energy absorption (Figure 16).

Figure 16: Cellular BMG sample of the tested sample of the 12.5% optimized unit cell design with scale bar 1mm, magnified
view with scale bar 200 ym.

The experimental and numerical results are compared for the topology-optimized 12.5% relative density sample in Figure 17.
The strengths observed in the tests are higher for the base materials, which may be due to the assumed base material
properties or slight modifications in topology to prepare the CAD file. However, the overall shapes of the curves are remarkably
similar, including the strains at which the first two major peaks occur, and the very small peak and valley in between the two
major peaks. These similarities have allowed us to look in detail at how the deformation evolves following initial yielding. The
deformation sequence is shown in Figure 18 - the steep decent after the initial peak is found to be caused by fracture of a
member followed by densification of a layer of unit cells. This process is repeated and causes the stress-strain response to
oscillate. Remarkably, the stiffness leading to and strength at the second peak are nearly identical to the initial, undamaged
material (zoom-in of Figure 9).

These new modeling capabilities have improved our understanding of these complex, bonded material systems and will enable
future optimization for properties beyond the currently considered sets of elastic stiffness, peak strength, and energy absorption
to first peak.

Figure 17: Experimental and numerical stress-strain responses of 12.5% optimized samples in BMG, demonstrating the models
are capable of capturing the post-peak response.



Figure 18: Numerically predicted deformation of the BMG12.5% relative density sample. Note the stiffness and strength at the
second peak are nearly the same as the undamaged state.

Characterization of 3DMGMA

We characterized the 3DMGMA fabricated according to the process laid out in Fig.1 through quasi-static compression. Figure
19 shows one example of where the relative density of the 3D BMG is p/ps = 0.073. Some selected frames from the in-situ

recording movie are plotted in the inset. The structure first undergoes elastic deformation (Fig. 19® and @), then gradually
yields around joint points of walls (Fig. 19®-®) and finally enters the densification region (Fig. 19®). After unloading, the
structure partially recovers (Fig. 19 ®). This significant recovery shows that fracture occurs in the ligament but not in the joint
sites, which confirms the high and predictable joint strength and ductility of BMG walls.

Fig. 19 Characterization of 3DMGMA with density of 0.39 g/cm3.
Ideal mechanic responses of BMG 3D structures from finite element analysis (FEA).

We also simulated the ideal behavior of considered structures and how this behavior deviates from the experimentally observed
(Fig. (20). Origins of the underperforming compare to simulation predictions are the non-uniformity of the wall thicknesses in
experiments and to some extent the difficulty of matching the boundary conditions of experiments with simulations.

Fig. 20 Comparison of experimental results with simulations.

Fig. 21 (a) Unit honeycomb cell under uni-axial compression. (b) Bending dominated elastic deformation.

Ultra-elasticity of BMG 3D honeycomb structures
We observed a very large elastic response of the 3D BMG structures. Theoretically one can describe elastic behavior of 3D
structure as follows:
For a honeycomb 3D structure under uni-axial compression, the unit cell is shown in Fig.21 (a). Elastic deformation is
dominated by the bending of the side walls. The deflection of the side wall can be approximated by (Fig. 21 (b))
(1)
And the maximum curvature is
(2)
While plastic yielding starts when
(3)
where h is the thickness of beam and ecr is the elastic limit of solid material. Combining eq. (2) and eq. (3) gives
(4)
For bending dominated deformation, the axial deformation is negligible, we have
(5)
where A = L'/L, L is the initial length of beam. And the maximum apparent elastic strain is thus
(6)
Egs. (5) and (6) give the maximum elasticity of 3D structures for different materials, aspect ratio (or porosity) and tilt angle of the
walls (8). For regular honeycomb structures, 8 = 30°, Porosity = P = 1-p/ps.

For the structure shown in Fig. 10, the measured maximum apparent elastic strain is ~14%, which is close to the theoretical
prediction of 17% (From egs. (5) and (6)) (Fig.22). As a consequence 3D structures made from BMGs yield dramatically higher
elasticity than 3D structures made from other structural materials.

Fig. 22 Maximum elasticity of 3D honeycomb structures. Solid lines — theoretical predictions.
Technology Transfer






Final Report for: Topological Optimization of Artificial Microstructure
Strategies

(Yale and Johns Hopkins)

During DARPA MCMA we aimed to develop and demonstrate a 3D microstructural architecture
structure made from bulk metallic glass, 3DMGS, exhibiting a combination of ceramic-like high
strength (>1000 MPa), metal-like high plasticity (>20%), and polymer like density (<2 g/cm?®). A
benchmark material such as a structural steel exhibit plasticity of ~20%, yield strength of 700
MPa and density of 7.9 g/cm?.

The activities can be broken down into topological optimization, fabrication, and
characterization.

Fabrication of BMG 3D structures

The fabrication of BMG 3D structures requires the development of sheet fabrication
methods, joining methods, and enhance existing technology on deforming BMGs.

BMG Sheet Fabrication:

Sheets of BMGs, despite their demand from
industry and academia have not been available
at the beginning of this project. We have been
working on sheet fabrication for the last 4
years and within this program have advanced
the research such that large sheets can be
rolled.

The sheet fabrication is based on thermoplastic
forming. The challenge is the realization of
precise temperature control. Based on
previous designs that we came up with in our
lab we designed a large mill capable of high
temperature rolling for sheet fabrication of Zr-
based BMG sheets (Fig.1).

Fig. 1: Schematics of our new rolling

Figure 2 shows the actual realization of the mill to fabricate 3D BMG structures.

equipment.



Fig. 2: High temperature rolling mill with precise temperature control, < 5 degrees. One key
aspect is the pre-heating of the sheets to a temperature close but slightly lower than the
rollers temperature.

In order to control temperature precisely we incorporated an active feedback mechanism.
Per roller there are four thermocouples measuring temperature during the rolling process
and acting as the feedback to power the heaters (Fig.3). After developing, designing, and
building and first tests we researched best processing conditions for the fabrication of
sheets. Specifically, we varied the pre-heat and roller temperature by 50 degrees
independent from each other. We also explored the effect of area of reduction and number
of passes. We took for most conditions small samples of the feedstock/sheet to characterize
the state of the BMG. Here we used thermal analysis and carried out isothermal
experiments which are more sensitive than constant heating experiments.

Fig. 3: Active feedback is used for temperature control and also for deformation forces
(clamping forces)

Current state of the art are sheets that are ~15 cm by ~15 cm by ~ 500 microns (Fig. 4).



Figure 4: Sheets of about 15 cm in diameter and 0.5 mm in thickness can be readily formed
with described rolling mill and optimized processing conditions from Zr-BMG.

Joining of BMG sheets:
Joining methods like welding or diffusion bonding, typically used for crystalline metals
are not applicable for BMGs. We developed a completely new concept of joining BMGs
which is based on oxide cracking through surface straining.
The joining strategies are summarized in Fig.5. We considered three different

strategies, shearing, squeezing, and oxide pulling.

Fig.5: Schematics of joining strategies of metallic glasses.



For all BMG joining processes we have considered two BMGs are sheared at a
temperature of the supercooled liquid region against each other. Deformation breaks
the oxide layer and creates a fresh surface. The idea is that the fresh surface area forms
a chemical bond with the same bond strength than the BMGs strength. The overall
strength of the joint is given by the area of fresh surface normalized by the overall area
of the joint. So in theory one can achieve bond strength from ~1800 MPa (all fresh
surface) to 0 MPa if the oxide layer is not broken.

Most advanced is our joining by squeezing technique (Fig.6). Here we join two BMG
parts by heating into the supercooled liquid region, and we can do this in air, and
simultaneously force them against each other. The BMG deforms and so does the
interface. The increase surface area is the joined surface and the ratio of new to old
surface area defines by the rule of mixing the strength of the interface. We characterize
the bond shear-strength according to the method describe in Figure 7.

Fig.6: Schematics of joining by squeezing of metallic glasses.

Fig.7: Schematics of the characterization method of the
interface strength.



We characterized the interfaces through shear stress determination (Fig. 8). In addition
we employed SEM. The SEM images confirmed our hypothesis and suggested other
techniques than our original shearing technique.

Once the oxide layer is removed a chemical bond forms of the same strength than
the BMG strength. This is furthermore confirmed in Figure 9 where the interface
fractures in a complete ductile manner, showing a typical vein pattern. Only the areas
where the oxide layer has not been removed do not bond.

Fig. 8: Joint interface fabricated by the squeezing technique.

Fig. 9: Interface structure after failure indicate a strong
chemical bond of magnitude similar of the strength of the BMG
and no bond for the interface regions that are still covered by
an oxide layer.



3DMGMA fabrication:

The development of a BMG sheet fabrication method and the joining of the sheets has been
a requirement for the fabrication of 3DMGMA structures.

The sheets are deformed through a thermoplastic-based deformation method into
corrugated structures (Fig. 10b). In a subsequent processing step such structures are
joined together through the above-described joining (Fig.10c). This process is fast,
scaleable, and can be carried out in air. After removing of the space holders, the 3DMGMA
structure is finalized. Our current setup is not build to fabricate significantly larger samples
than shown, but in principle our method allows to fabricate much larger scale structures
(Fig.11).

Fig. 10 BMG 3D structures fabrication processes: (a) Starting BMG sheets (D). (b)
Patterned BMG sheets by using thermoplastic molding (@). (c) Joining patterned BMG
sheets by heating. (d) 3D structures after demoulding ().



Fig. 11 Examples of the numerous 3DMGMA that we fabricated.
Modeling and Topological Optimization of 3D microstructures

The theoretical aspect of this project focused on quality models capable of capturing the
response of the 3D bonded microstructures, including collapse mechanisms and system
sensitivity to bonding locations and properties.

Figure 12 displays an example model of the NavTruss architecture, with layers oriented in
a staggered pattern and bonded (‘welds’) at the interface. Figure 13 shows the resulting
stress-strain response under compression for bond strength varying from 100% of the
BMG sheet material to 25%. The plot shows that the overall material system response is
relatively consistent for bond strengths of 50%, 75%, and 100%, although for the case of
50% bond strength yielding is initiated in the welds, leading to slightly lower peak
strength. The case of 25% bond strength, however, exhibited significantly lower peak
strength and effective stiffness, as the welds yielded entirely before reaching loads at which
the plate walls would buckle. This suggests that bond strengths achieving at least 50% of
the base BMG sheet material are sufficient to prevent premature failure of the welds.

Figure 12. 3D representation of alternating NavTruss architecture highlighting the bonding
material phase whose properties can be varied to explore system sensitivity.



Figure 13. Stress-strain response and corresponding failure mechanisms for the
alternating NavTruss architecture assuming: (left) perfect bonding and (right) bond
strength is 50% of the base BMG sheet material. Note that the mechanisms change slightly
but the overall effect on strength is minor for bond strengths greater than 25% of the base
material.

Figure 14 displays the effect on the stress-strain response of varying the angle of
corrugation, within the range at which the fabrication team was initially investigating.
Although the range is relatively small at ten degrees, it is interesting to note that the initial
failure mechanism and location moves from buckling of the plates in the 90 degree
corrugation case to yielding in the welds in the 80 degree case. As the plot shows, this
translates into the 90 degree case losing stiffness at a smaller strain due to buckling, but
exhibiting a higher strength post-buckling as the material remains elastic at larger strains
than the 80 degree case.

Figure 14. Stress-strain response for the alternating NavTruss architecture with varying
angles of corrugation.

Figure 15 illustrates the stress-strain response under varying sheet thicknesses. Increasing
sheet thickness delays the onset of buckling and thus correlates to material peak strength
and stiffness, but also failure under smaller strains. We are currently attempting to
develop analytical expressions that account for the layer bonding to enable efficient design
of these structures.



Figure 15: Numerically obtained stress-strain curves for 3D hexagonal folded sheets with
relative densities of 11.4%, 10%, 8% and 6% (2D cross-sections shown).

In addition to strength modeling of the 3D corrugated systems, we have also been
enhancing our models to capture post-peak performance, including layer collapse, contact,
and densification. This provides a more realistic prediction of energy absorption that we
intend to include in the optimization routines. Due to the high computational expense, we
first develop these models using our 2D topologies optimized for energy absorption (Figure
16).

Figure 16: Cellular BMG sample of the tested sample of the 12.5% optimized unit cell
design with scale bar 1mm, magnified view with scale bar 200 um.

The experimental and numerical results are compared for the topology-optimized 12.5%
relative density sample in Figure 17. The strengths observed in the tests are higher for the
base materials, which may be due to the assumed base material properties or slight
modifications in topology to prepare the CAD file. However, the overall shapes of the
curves are remarkably similar, including the strains at which the first two major peaks
occur, and the very small peak and valley in between the two major peaks. These
similarities have allowed us to look in detail at how the deformation evolves following
initial yielding. The deformation sequence is shown in Figure 18 - the steep decent after the
initial peak is found to be caused by fracture of a member followed by densification of a
layer of unit cells. This process is repeated and causes the stress-strain response to



oscillate. Remarkably, the stiffness leading to and strength at the second peak are nearly
identical to the initial, undamaged material (zoom-in of Figure 9).

These new modeling capabilities have improved our understanding of these complex,
bonded material systems and will enable future optimization for properties beyond the

currently considered sets of elastic stiffness, peak strength, and energy absorption to first
peak.
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Figure 18: Numerically predicted deformation of the BMG12.5% relative density sample.
Note the stiffness and strength at the second peak are nearly the same as the undamaged
state.

Characterization of 3DMGMA

We characterized the 3DMGMA fabricated according to the process laid out in Fig.1 through
quasi-static compression. Figure 19 shows one example of where the relative density of the
3D BMG is p/ps = 0.073. Some selected frames from the in-situ recording movie are plotted
in the inset. The structure first undergoes elastic deformation (Fig. 19 and @), then
gradually yields around joint points of walls (Fig. 19®-(%) and finally enters the
densification region (Fig. 19(®). After unloading, the structure partially recovers (Fig. 19
(9). This significant recovery shows that fracture occurs in the ligament but not in the joint
sites, which confirms the high and predictable joint strength and ductility of BMG walls.

Fig. 19 Characterization of 3DMGMA with density of 0.39 g/cm3.
Ideal mechanic responses of BMG 3D structures from finite element analysis (FEA).
We also simulated the ideal behavior of considered structures and how this behavior

deviates from the experimentally observed (Fig. (20). Origins of the underperforming
compare to simulation predictions are the non-uniformity of the wall thicknesses in



experiments and to some extent the difficulty of matching the boundary conditions of
experiments with simulations.

Fig. 20 Comparison of experimental results with simulations.
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Fig. 21 (a) Unit honeycomb cell under uni-axial compression. (b) Bending dominated elastic
deformation.

Ultra-elasticity of BMG 3D honeycomb structures

We observed a very large elastic response of the 3D BMG structures. Theoretically one can
describe elastic behavior of 3D structure as follows:

For a honeycomb 3D structure under uni-axial compression, the unit cell is shown in Fig.21
(a). Elastic deformation is dominated by the bending of the side walls. The deflection of the
side wall can be approximated by (Fig. 21 (b))
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And the maximum curvature is
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While plastic yielding starts when
2¢
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where h is the thickness of beam and &cr is the elastic limit of solid material. Combining eq.
(2) and eq. (3) gives
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For bending dominated deformation, the axial deformation is negligible, we have
1 o 482(LY ., .,

where A = L’/L, L is the initial length of beam. And the maximum apparent elastic strain is
thus

¢ =1—4+ﬁ%,12 tan @ (6)

ap,max 2
P T

Egs. (5) and (6) give the maximum elasticity of 3D structures for different materials, aspect
ratio (or porosity) and tilt angle of the walls (6). For regular honeycomb structures, 8 = 30°,
Porosity =P = 1-p/ps.

For the structure shown in Fig. 10, the measured maximum apparent elastic strain is ~14%,
which is close to the theoretical prediction of 17% (From egs. (5) and (6)) (Fig.22). As a
consequence 3D structures made from BMGs yield dramatically higher elasticity than 3D
structures made from other structural materials.
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Fig. 22 Maximum elasticity of 3D honeycomb structures. Solid lines - theoretical
predictions.



